Introduction
============

Metastatic melanoma is highly resistant to conventional therapeutic regimens, including chemotherapy, radiation and immunotherapy, and prognosis for patients remains poor despite advances in the field. Numerous in vitro and in vivo studies of solid tumors suggest that cancer stem cells (CSCs), including those of melanoma (MSCs), are responsible for tumor resistance and give rise to tumor cells after years of dormancy.[@R1]^-^[@R3] Therefore, it is difficult to completely eradicate a tumor, and its recurrence is an ever-present threat.

As CSCs are more resistant to conventional therapy compared with more differentiated cancer cells, special approaches have to be developed for their elimination, such as targeting molecular markers of CSCs, inhibiting self-renewing capacity or stimulating differentiation.[@R3]^,^[@R4] Recently, it has been shown that acetaminophen-induced differentiation efficiently eradicates breast cancer stem cells.[@R5] Marker-based immunotherapy would require identification of antigens whose expression is restricted to CSCs. Employing genetically engineered cytotoxic T cells, redirected in an antigen-restricted manner by a chimeric receptor, to eliminate CD20-positive melanoma cells is an example of targeting a defined melanoma subpopulation.[@R6] Some studies in melanoma have shown, however, a high level of immunophenotypic variability of cells among melanoma samples.[@R7] In addition, growing evidence indicates that properties of stem cells can be acquired transiently in response to the microenvironment even by highly proliferating, more differentiated cancer cells.[@R3]^,^[@R8]^-^[@R13]

We were interested whether parthenolide (PN), a sesquiterpene lactone derived from leaves of the medicinal plant feverfew (*Tanacetum parthenium*), might target melanoma stem-like cells. PN has demonstrated anti-cancer activity in many preclinical in vitro and in vivo studies of cells from leukemia and from solid tumors,[@R14]^-^[@R18] including melanoma.[@R19]^,^[@R20] A unique feature of PN is its ability to induce cell death in cancer cells while sparing normal ones.[@R21] We have demonstrated that PN was capable of killing melanoma cells without affecting normal melanocytes.[@R20] More interestingly, PN seems to affect CSCs. It selectively reduced the viability of CSCs in acute myelogenous leukemia (AML),[@R21] multiple myeloma (MM),[@R22] and breast tumors.[@R23]^,^[@R24] PN decreased the viability of prostate tumor-initiating cells isolated from cell lines and from patients, and inhibited prostate cancer stem-cell-mediated tumor initiation and progression in mouse xenografts.[@R25] Recently, it has been shown that the combination of PN and inhibitors of the PI3K/mTOR pathway synergized to eradicate both bulk and stem cell populations of AML,[@R26] and the combination of PN with ionizing radiation significantly reduced the viability of both the overall population of osteosarcoma cells and the cancer stem cell subpopulation.[@R27] On the basis of all these findings, it was tempting to speculate that PN would be able to affect melanoma stem-like cells.

In the current study, we investigated the effects of PN on melanoma cells derived from nodular melanoma specimens and grown under conditions forming anchorage-independent melanospheres. Those multicellular structures are considered to portray the original tumor more accurately than monolayer melanoma cell cultures.[@R28]

Results
=======

Formation of anchorage-independent melanospheres from nodular melanoma specimens
--------------------------------------------------------------------------------

Only cells from nodular melanomas, the most aggressive type of melanoma, were included in the current study. Five surgical specimens were propagated in serum-free stem cell medium (SCM) supplemented with EGF/bFGF. Melanospheres were formed after 8--10 weeks in four out of five melanoma specimens (DMBC2, DMBC8, DMBC10 and DMBC12). They grew very slowly but continued growth for more than 16 mo when dissociated regularly every few weeks. The fifth cell population (DMBC9) grew in an anchorage-independent manner, but as a single-cell culture. Culturing melanoma cells in SCM on low-adherent plastic generated large melanospheres, some with more than 500 μm in diameter. Small percentage of cells in DMBC2, DMBC8 and DMBC10 populations adhered and grew in monolayer in these experimental settings. To measure the self-renewing potential, one of the hallmarks of CSCs, a clonogenic assay recording sphere generation from single cells in soft agar was used. This in vitro assessment of the self-renewing capacity revealed that up to 95 cells out of 1000 cells in melanospheres retained CSC characteristics.[@R13]

Parthenolide (PN) reduced the number of viable cells
----------------------------------------------------

Cells from dissociated melanospheres were treated with various concentrations of PN in 96-well plates for 2 d. Changes in the percentages of viable cells were determined based on the quantification of cytosolic acid phosphatase activity (APA assay). Dose-response curves are shown in [Figure 1A](#F1){ref-type="fig"}. PN at a concentration of 24 μM reduced cell viability to 25--40% of control. When the influence of PN on adherent melanoma cells generated in DMBC2, DMBC8 and DMBC10 populations was investigated, the same concentrations led to a similar reduction in acid phosphatase activity as observed in cells from dissociated melanospheres ([Fig. 1B](#F1){ref-type="fig"}).

![**Figure 1.** Dose-response curves of melanoma cells treated with parthenolide (PN). Cells from disaggregated melanospheres (**A**), or their adherent counterparts (**B**), both growing in SCM, were exposed to PN for 2 d. The number of viable cells was assessed with an acid phosphatase activity (APA) assay. All measurements were normalized to cell viability of DMSO-treated controls. (p \< 0.05 vs. DMSO-treated control; n = 3).](cbt-14-135-g1){#F1}

Parthenolide (PN) diminished the proliferative potential of melanoma cells
--------------------------------------------------------------------------

Next, we asked the question whether PN-resistant cells could be selected from the population of PN-treated melanoma cells. In comparison, dacarbazine (DTIC), the first-line treatment agent for advanced melanoma, was used. A fraction of 30% to 40% of melanoma cells treated with DTIC, at 0.5 mM, 1 mM and 2 mM in three consecutive treatments during three weeks, remained viable and was still capable of forming melanospheres during three weeks of selection as described in Materials and Methods, although the proportion of adherent cells was also increased. Data for DMBC2 are shown in [Figure 2](#F2){ref-type="fig"}. Melanoma cells did not survive two consecutive treatments with 6 μM PN applied within 3 weeks ([Fig. 2A](#F2){ref-type="fig"}). Interestingly, when cells were exposed either to 6 μM PN or to 1 or 2 mM DTIC for only two days and the viability was measured immediately after termination of drug exposure, the relative number of viable cells was similar in PN- and DTIC-treated populations ([Fig. 2B](#F2){ref-type="fig"}). Moreover, DTIC-treated cells formed melanospheres after three weeks even when DTIC concentration was raised to 4 mM (not shown). These results suggest that PN at 6 μM used repeatedly led to the extinction of the melanoma cell population within three weeks.

![**Figure 2.** Distinct effects of parthenolide (PN) and dacarbazine (DTIC) on melanoma cell survival after long and short treatment. (**A**) Microphotographs of DMBC2 populations treated with either 6 μM PN or increasing concentration of dacarbazine (DTIC) for three days followed by few day drug-free intervals were taken after 3 weeks. Scale bars represent 100 μm. (**B**) Relative number of viable cells was assessed after two day exposure to PN or DTIC at indicated concentrations. The results are the mean of three independent experiments ± SD.](cbt-14-135-g2){#F2}

Parthenolide (PN) specifically affected the frequency of ABCB5-positive melanoma cells
--------------------------------------------------------------------------------------

A drug-resistant phenotype of melanoma cells is partially mediated by increased capacity of detoxification.[@R29] ABCB5 transporter, one of the recognized mediators of chemoresistance in melanoma, has been also considered as the marker identifying melanoma stem-like cells.[@R30] Therefore, we evaluated the influence of PN on the frequency of ABCB5-positive cells. Variable frequencies of cells carrying that marker were observed among viable, 7-AAD-negative, melanoma cells from dissociated spheres with the highest frequency observed in DMBC12 (26%) and the lowest (10%) in the DMBC8 cell population ([Fig. 3A](#F3){ref-type="fig"}). A few other antigens were also expressed at variable frequencies in different populations as exemplified by CD133 (Prominin-1) expressed only in DMBC8 and DMBC10, CD90 (Thy-1) and CD49f (integrin α~6~) ([Fig. 3A](#F3){ref-type="fig"}). This high immunophenotypic heterogeneity within melanospheres was observed during several months. Treatment with PN at 12 μM for 22 h, followed by a two-day recovery period in SCM without drug, resulted in a significant (p \< 0.05) decrease in the frequencies of cells expressing ABCB5 transporter in all treated populations ([Fig. 3B](#F3){ref-type="fig"}), with the largest effect found in DMBC2 and DMBC10 populations ([Fig. 3B and C](#F3){ref-type="fig"}). Such a substantial reduction was not observed for the other cell surface markers ([Fig. 3B and C](#F3){ref-type="fig"}). This might indicate that PN affected ABCB5-positive melanosphere-derived cells more efficiently than cells not carrying that marker. Similar results were obtained when changes in the frequency of ABCB5-positive cells were assessed in the monolayers ([Fig. 3D](#F3){ref-type="fig"}).

![**Figure 3.** Parthenolide (PN) more efficiently reduces the frequency of cells with a high level of ABCB5 transporter than the frequencies of other subpopulations. (**A**) The frequency of cells carrying the indicated antigen assessed by flow cytometry showed the high heterogeneity within melanospheres and the variability among populations derived from different nodular melanoma specimens. (**B**) Treatment with PN decreased the frequency of cells with a high ABCB5 level more efficiently than other subpopulations. (**C**) Examples of dot plots showing the influence of PN on the frequency of ABCB5-positive cells in DMBC2 and DMBC10 populations. In comparison, changes in the percentage of cells expressing CD49f (DMBC2) and CD90 (DMBC10) were included. (**D**) Treatment with PN decreased the frequency of ABCB5-positive cells also among adherent counterparts grown in SCM as monolayer culture.](cbt-14-135-g3){#F3}

As the ratio of marker-positive to negative melanoma cells was a complex function of the selective killing but also of the proliferation kinetics of variable subpopulations in the recovery period after PN was removed, changes in the frequency of cells carrying a particular marker were related to changes in the number of viable cells. Those relative changes in frequencies (RCFs) were calculated for each experiment, as described in Materials and Methods, and average values for a particular marker in each population and for all tested populations together, are shown in [Table 1](#T1){ref-type="table"}. Although not identical for each population, RCFs for ABCB5 transporter were very close to 0.5, whereas RCFs for other markers (CD133, CD49f, CD90) were either markedly higher or close to 1. We concluded that melanoma cells with a high level of ABCB5 transporter were underrepresented in PN-treated populations as a result of both, the selective killing of ABCB5-positive cells, and overgrowth by ABCB5-negative cells in the period without PN.

###### **Table 1.** Relative change in the frequency (RCF) of marker expressing cells in response to parthenolide (PN) treatment

  population    ABCB5         CD49f         CD90          CD133
  ------------- ------------- ------------- ------------- -------------
  DMBC2         0.56 ± 0.01   1.04 ± 0.18   1.48 ± 0.35   ND
  DMBC8         0.76 ± 0.06   1.66 ± 0.80   1.89 ± 0.68   0.93 ± 0.20
  DMBC9         0.52 ± 0.30   0.80 ± 0.29   1.02 ± 0.08   ND
  DMBC10        0.51 ± 0.25   1.96 ± 0.64   1.45 ± 0.02   1.61 ± 0.40
  DMBC12        0.55 ± 0.29   1.34 ± 0.88   ND            ND
  Average RCF   0.58 ± 0.10   1.36 ± 0.44   1.46 ± 0.35   1.27 ± 0.48

RCF were calculated as described in Materials and Methods. ND, not determined (not expressed in control cells).

Parthenolide (PN) reduced viability of sorted ABCB5^+^ melanoma cells
---------------------------------------------------------------------

PN reduced viability in all tested populations to a similar level ([Fig. 1](#F1){ref-type="fig"}). ABCB5-positive cells obtained from DMBC12 population by flow-cytometry-based cell-sorting were used to investigate changes in viability after drug treatment. Viable cells were numbered using an automated cell viability analyzer or viability was measured after PI staining. The results from both assays showing the difference in the reduction of viability between sorted and unsorted ABCB5^+^ populations are presented in [Figure 4A](#F4){ref-type="fig"}. Sorted ABCB5^+^ cells seemed to be more sensitive to PN than unsorted cells ([Fig. 4A](#F4){ref-type="fig"}), however, the difference in the drug-induced reduction of viability did not reach statistical significance. An opposite tendency was observed for DTIC-treated cells, while no difference was evident when cisplatin was used ([Fig. 4A](#F4){ref-type="fig"}). One day incubation with PN induced apoptosis in unsorted and sorted ABCB5^+^ melanoma cell populations to a similar extent ([Fig. 4B](#F4){ref-type="fig"}), however, more cells in the late apoptotic phase (Annexin V/PI double positive) were observed in the ABCB5^+^ subset, especially when PN at 12 μM was used (27.1% and 39.5% in unsorted and sorted populations, respectively). Next, the long-term effect on sorted and unsorted melanoma cells after a very short four-hour incubation with PN was investigated. Viability measured four-days after the drug was removed from the culture was lower in the ABCB5^+^ subset than in the unsorted population. PN at 12 μM reduced the percentage of viable cells to 21% in the unsorted population whereas in the ABCB5^+^ subset only 4% cells remained viable ([Fig. 4C](#F4){ref-type="fig"}). That 5-fold difference was also observed after additional three days without PN (not shown). On the contrary, a small difference in viability observed on the 4th day after DTIC removal (62% vs. 53%, [Figure 4C](#F4){ref-type="fig"}) disappeared after three additional days without the drug (44% vs. 41%, not shown).

![**Figure 4.** Parthenolide (PN) reduced viability of sorted ABCB5^+^ melanoma cells. (**A**) Fold differences in the drug-reduced viability between unsorted and sorted ABCB5^+^ populations of DMBC12 were assessed either after PI staining (left panel) or were calculated after viable cells were numbered (right panel). Data are means ± SD of four independent experiments conducted in triplicates using the unsorted population of DMBC12 and the ABCB5-positive subsets obtained in two independent flow-cytometry-based cell-sorting. (p \> 0.05). DTIC, dacarbazine; cisPt, cisplatin. (**B**) PN induced apoptosis in melanoma cells. Typical contour plots are included. Numbers in rectangles indicate the percentages of all Annexin V-positive cells, PI-negative (early apoptosis) and PI-positive (late apoptosis). After sorting of the ABCB5^+^ subset, no significant changes (p \> 0.05) in Annexin V positivity were evident relative to the unsorted populations (right panel). (**C**) Viability measured four-days after the drug was removed indicate that the ABCB5^+^ subset was capable of recovering within four days after a short (4 h) treatment with PN less efficiently than the unsorted population. Numbers indicate the percentages of viable, 7-AAD-negative melanoma cells in one of two experiments.](cbt-14-135-g4){#F4}

Parthenolide (PN) reduced the self-renewing capacity of melanoma cells
----------------------------------------------------------------------

A clonogenic assay was used to determine whether the selective reduction of ABCB5-positive cell frequency was accompanied by changes in self-renewing capacity. Cells were incubated with either 12 μM PN or 2 mM DTIC. Interestingly, a very short-term incubation (4 h) of melanosphere-derived cells with PN completely abolished the ability of melanoma cells to form spheres within the following three weeks ([Fig. 5A and B](#F5){ref-type="fig"}). No sphere formation was evident even when 5 μM PN was used (not shown). These results are consistent with the inability of PN-treated melanoma cells to form a drug-resistant population ([Fig. 2](#F2){ref-type="fig"}). Adherent melanoma cells pre-treated with PN were also not capable of generating colonies in soft agar (not shown). In DTIC-treated cultures, the colonies were similar in size as those in control culture, however, the relative number of cells forming colonies in soft agar was increased ([Fig. 5B](#F5){ref-type="fig"}). This might indicate that DTIC was affecting the viability of more differentiated and highly cycling cancer cells, while sparing those with stem cell characteristics, whereas PN efficiently eradicated both cycling melanoma cells and those with self-renewing capacity.

![**Figure 5.** Parthenolide (PN) affects self-renewing capacity of melanoma populations.(**A**) Images of representative colonies formed by DMBC12 population in soft agar were captured after three weeks. (**B**) PN-treated melanoma populations lost colony-forming capacity in contrary to dacarbazine (DTIC)-treated populations showing about 2-fold relative increase in the number of colonies formed in soft agar. The results are mean of two independent experiments.](cbt-14-135-g5){#F5}

Parthenolide (PN) showed limited capacity to penetrate melanospheres
--------------------------------------------------------------------

Next, we asked the question about the capacity of PN to penetrate the 3D structure of melanospheres. Two populations, DMBC8 and DMBC10 were chosen since they were forming floating multicellular melanospheres with at least 200 μm in diameter. Cells from dissociated melanospheres were used for comparison. One-day incubation with 12 μM PN only slightly affected melanosphere integrity, especially DMBC10 ([Fig. 6A](#F6){ref-type="fig"}). Significant differences in the PN-driven reduction in viability were observed between populations of intact melanospheres and single cells from dissociated melanospheres ([Fig. 6B](#F6){ref-type="fig"}) suggesting that PN was acting only on the surface of melanospheres. Similarly, significantly lower changes in the frequencies of ABCB5-positive cells in intact spheres were found in comparison with cell populations from dissociated spheres ([Fig. 6C](#F6){ref-type="fig"}). If PN was not able to efficiently affect cells inside of spheres, these results might indicate that ABCB5-positive cells were enriched in the center of melanospheres. To further confirm the conclusion that PN was not capable of penetrating melanospheres, two other drugs, cisplatin and doxorubicin which is considered as a drug with low penetration capacity, were used for comparison in DMBC10 culture ([Fig. 6D and E](#F6){ref-type="fig"}). There was no significant difference between the influence of 5 μM cisplatin on intact melanospheres and cells from dissociated spheres, indicating that this drug has a high penetration capacity. As expected, doxorubicin at 1 μM had a higher impact on single cells from dissociated spheres than on intact melanospheres, but still it reduced the viable cell number in melanospheres to about 50% of that in control. Compared with other drugs, PN had the lowest influence on cell viability in intact melanospheres ([Fig. 6B](#F6){ref-type="fig"} vs. E). Both, a viability test and changes in the frequency of ABCB5-positive cells suggested that PN was not capable of penetrating melanospheres.

![**Figure 6.** Parthenolide (PN) has a limited capacity to affect cells inside of melanospheres. (**A**) Microphotographs showing melanosphere integrity following treatment with 12 μM PN. Scale bars represent 100 μm. (**B**). Comparison of PN-induced changes in viability between populations of cells treated as intact melanospheres and as single melanoma cells from dissociated spheres. Melanoma cells were exposed to drug for one day, and after additional two days in drug-free medium, viability was measured by flow cytometry as percentage of 7-AAD-negative cells in PN- vs. DMSO-treated cells (control) (\* p \< 0.05; n = 3). (**C**). Comparison of PN-induced decrease in the ABCB5-positive cell frequency between DMBC10 populations treated as intact melanospheres and those treated as single-cell culture (\*p \< 0.05; n = 3). (**D**). Microphotographs showing DMBC10 melanospheres treated with 1 μM doxorubicin (DOX) and 5 μM cisplatin (cisPt) for one day followed by a recovery period. Scale bars represent 100 μm. (**E**). Comparison of DOX- or cisPt-induced changes in viability between DMBC10 populations of cells treated as intact melanospheres and as single melanoma cells from dissociated spheres (\* p \< 0.05; n = 3).](cbt-14-135-g6){#F6}

Discussion
==========

Melanospheres derived from surgical melanoma specimens, stage III and IV disease[@R13] were employed to evaluate PN influence on heterogeneous melanoma cell populations. This in vitro model has been chosen as it might portray the tumor more accurately than the monolayer cultures.[@R28]^,^[@R31] Our approach overcomes some major problems of using two-dimensional serum-driven monolayer cultures for anti-cancer drug testing including the more homogeneous phenotype than that observed in the original tumor, altered cell-to-cell contacts affecting intracellular signal transduction pathways, and too easy access for drugs to cancer cells. Our in vitro study also excluded potential problems caused by substantial changes in human cells transplanted into mouse microenvironment, such as altered cellular sensitivity toward drugs and variable frequency of tumor-initiating cells, which at least partially might be influenced by the level of immunodeficiency in the recipient mouse.[@R3]^,^[@R7]^,^[@R11] While investigating immunophenotype and clonogenicity, we observed that all populations grown as anchorage-independent melanospheres for numerous generations remained heterogeneous and contained cancer stem-like cells with the self-renewing capacity.

We have previously shown that PN suppressed both constitutive and cisplatin-induced NF-κB activity, inhibited the migration and invasiveness, reduced the viable cell number by the cell cycle arrest in G~0~/G~1~ phase and induction of apoptosis associated with loss of mitochondrial membrane potential.[@R19]^,^[@R20] All these effects of PN were observed within two days in the monolayer cultures of three melanoma cell lines, A375, 1205Lu and WM793. In the current study, the viability of cells from dissociated anchorage-independent melanospheres was also significantly reduced within two days. These results indicated that PN killed highly cycling bulk population of melanoma cells. However, as more than 20% of cells remained viable after treatment with PN at 12 μM or 24 μM, we were interested whether PN had some impact on those cells as well. When short incubation with PN was followed by a recovery period, changes in the immunophenotype and capacity to self-renew were observed suggesting that PN was capable of inducing some long-term effects. First, the subpopulation of ABCB5-positive cells was more efficiently eliminated by exposure to PN than other subpopulations. In the sorted ABCB5^+^ subset, the recovery process was less efficient than in the unsorted population as exerted by the lower percentage of viable cells four-seven days after drug removal. In addition, PN completely abolished self-renewing capacity of melanoma cells, a fundamental property of CSCs. Thus, based on our experimental data, it is plausible to conclude that PN besides reducing the viability of bulk population of melanoma cells also eradicated cells (1) with high self-renewing capacity and (2) carrying ABCB5 transporter. It has been already shown that ABCB5-expressing melanoma cells exerted a high tumorigenic potential,[@R30] and were also more clonogenic in vitro.[@R32] More importantly, some approaches targeting ABCB5 transporter have been already explored in melanoma, e.g., using anti-ABCB5 antibodies.[@R30]^,^[@R33] To our knowledge, the current report is the first one showing the efficacy of a small molecule on the selective reduction of ABCB5-expressing melanoma cells.

The resistance of CSCs to the conventional treatment may be due to several mechanisms, including no/slow cell-cycle progression, high capacity for DNA repair, activated anti-apoptotic pathways and overactivated ABC transporters (for a review see ref. [@R34]). Many clinical studies have indicated that CSCs selectively survive conventional therapy. For instance, chemotherapy of primary breast cancer patients increased the level of CD44^high^/CD24^-/low^ cells in cancer core biopsies and the relative sphere-forming capacity in vitro.[@R35]^,^[@R36] Most recently, it has been demonstrated that ABCB5-expressing cells were more abundant in melanomas from patients treated with dacarbazine and also in vitro, dacarbazine induced an increase in the frequency of ABCB5^+^ cells.[@R37] Our results, showing that DTIC not only increased the sphere-forming potential of melanoma cells but also led to a melanosphere-enriched DTIC-resistant culture, support these findings. If radio- or chemotherapy fails to eradicate all cancer cells and the residual population is highly enriched for cells that persist in the CSC state, finding a drug to eradicate CSCs is essential for preventing relapse and improving long-term survival. Moreover, as CSCs may be generated from more differentiated tumor cells by phenotype switching,[@R8] therapies employing drugs that specifically target CSCs in combination with drugs with toxicity toward bulk cancer cell populations might be a highly effective strategy for eradicating melanoma tumors. The current study has shown that PN could affect both bulk and melanoma stem-like cells. It supports previously published reports describing similar activity of PN in other cancers.[@R26]^,^[@R27]^,^[@R38] Importantly, PN has already shown safety in Phase I/II clinical trials.[@R39]^,^[@R40] An unresolved problem, however, that was addressed in our study, is the penetration capacity of PN, which may limit its action toward single melanoma cells circulating in the blood flow or to cells in the vicinity of blood vessels within the tumor tissue. However, assuming that metastasis requires the dissemination of melanoma stem-like cells, the activity of PN toward circulating melanoma cells might have potential therapeutic implications. In addition, the penetration capacity of PN could be improved by other chemicals, nanoparticles or polymers. For instance, the encapsulation of PN into stealthy liposomes modified with pegylated-lipid derivative has been used in xenografted mice to enhance its anticancer effect.[@R23] The structure of the drug itself may also be further modified to obtain derivatives with improved pharmacological performance in the clinical applications. The recently published report showing synergism between PN and inhibitors of the PI-3 kinase and mTOR pathway suggested that chemical genomic approaches might be used to predict compounds that are likely to enhance the efficacy of PN and to maximize eradication of heterogeneous tumor populations.[@R26]

The molecular mechanism(s) of PN toxicity toward cancer stem-like cells remains unclear. PN has been shown to inhibit activity of NF-κB[@R19]^,^[@R41]^,^[@R42] and STAT proteins,[@R43]^,^[@R44] and to induce sustained JNK activity[@R45] and proapoptotic p53 activity via influencing MDM2 and HDAC1 levels.[@R46] At the epigenetic level, PN specifically depleted HDAC1 protein,[@R47] and by inhibiting DNMT1 activity induced global hypomethylation of DNA in vitro and in vivo, which could restore the expression of some suppressor genes.[@R48] The ability of PN for simultaneous targeting NFκB and p53 pathways might be the base for the selective killing of cancer but not normal stem cells.[@R21]^,^[@R25]^,^[@R49] It has been already shown that breast cancer stem-like cells could be preferentially targeted by NFκB pathway inhibitors.[@R24] We have demonstrated that PN affected the NFκB pathway in melanoma cells,[@R19] which might be connected with its influence on melanoma stem-like cells. Most recently, it has been shown that colon cancer stem-like cells having higher levels of phosphorylated STAT3 than cells in the bulk tumor were sensitive to STAT3 inhibitors.[@R50] Therefore, STAT3 is another target, which could be affected by PN in melanoma stem-like cells. PN contains an α-methylene-γ-lactone ring and epoxide moieties that can interact by Michael-type addition with biological nucleophiles, mainly thiol-containing cysteine residues in proteins.[@R51] This mechanism seems to be responsible for the direct influence of PN on the activity of NFκB[@R52] or DNMT1,[@R48] and indirect actions of PN on STAT3[@R43] or NFκB activity.[@R42]^,^[@R51] It would be interesting to analyze a possible interaction of PN with the ABCB5 transporter. In a recently published analysis, it was suggested that a single nucleotide polymorphism (SNP), that changed a cysteine to a tryptophan residue in the nucleotide binding domain, might be deleterious for the structure and function of ABCB5 protein.[@R53] Further studies will be required to characterize the expression and activity of ABCB5 in melanoma and the connections between NF-κB/p53/STAT activities and ABCB5. Based on the current study we can conclude that PN significantly reduced the viability of both the overall population of melanoma cells and the cancer stem-like cell subpopulation.

Materials and Methods
=====================

Drugs
-----

Parthenolide (PN) was from BIOMOL (P0270); cisplatin (0.5 mg/ml) was from EBEWE Unterach, Austria; dacarbazine, DTIC (D2390) and doxorubicin from Sigma-Aldrich (D1317). Parthenolide was dissolved in dimethylsulfoxide (DMSO). An equivalent concentration of DMSO was used in the control cultures. Cisplatin and dacarbazine were dissolved in culture medium immediately before use.

Tumor tissues
-------------

Nodular melanoma specimens were obtained during surgical procedures. Histopathological analyses were performed to confirm melanocytic characteristics of tumor samples. All samples were from patients with stage III and IV disease (AJCC clinical staging). Patient characteristics of melanoma specimens were published,[@R13] except for DMBC9 which was derived from primary tumor, T3bN1bM0 of male patient, age 52. The study was approved by Ethical Commission of Medical University of Lodz, and informed consent was obtained from each patient.

In vitro cell culture
---------------------

Tumor samples were minced with scissors into small fragments and incubated in HBSS (Sigma-Aldrich; H9269) supplemented with 3 mM calcium chloride and 1 mg/ml collagenase IV for 2--3 h at 37°C. DNase I (10 μg/ml) was added to reduce clumping and cells were filtered through a 70 μm pore size filter to remove undigested tissue aggregates. Isolated cells were cultured for 1 d in a complete medium (RPMI1640 with 10% FBS) to ensure the removal of dead and nonadherent cells. Then, they were transferred to a stem cell medium (SCM), consisting of DMEM/F12 low osmolality medium (Lonza; BE12--719F) in the presence of B-27 supplement (Gibco; 17504), growth factors: 10 ng/ml bFGF (BD Biosciences; 354060) and 20 ng/ml EGF (BD Biosciences; 354052), insulin (10 µg/ml), heparin (1 ng/ml) and antibiotics (100 IU/ml penicillin, 100 μg/ml streptomycin, 2 µg/ml Fungizone). Melanospheres were maintained in non-adherent flasks at 37°C in a humidified atmosphere containing 5% CO~2~. Medium was exchanged twice a week. Every few weeks, melanospheres were passaged following enzymatic dissociation into a single cell suspension and replated. For some experiments, DMBC12 population was sorted for ABCB5^+^ cells with the Becton Dickinson FACSCalibur system. Cells were incubated with unconjugated anti-ABCB5 from Sigma-Aldrich (SAB1300315), then with FITC-conjugated goat anti-rabbit secondary antibody (BD PharMingen; 554020). Single ABCB5^+^ cells were obtained by gating out cellular aggregates and dead cells were excluded on the basis of propidium iodide staining.

Measurement of cell viability
-----------------------------

Melanospheres or adherent cells were first treated with collagenase IV to obtain a suspension of single cells, and then cells were counted after staining with Trypan blue (Sigma-Aldrich; T8154). Melanoma cells were plated at a density of 2--4 × 10^3^ viable cells per well in 96-well plates and cultured for 2 d in 100 μl SCM with vehicle (0.02% DMSO) or with PN at indicated concentrations. An acid phosphatase activity (APA) assay was used to validate viable cell number in the culture. Briefly, the plates were centrifuged, the medium was discarded and replaced with 100 μl assay buffer containing 0.1 M sodium acetate (pH = 5), 0.1% Triton X-100 and 5 mM *p*-nitrophenyl phosphate, *p*NPP (Sigma-Aldrich; N4645) and incubated for additional 2 h at 37°C. The reaction was stopped with 10 μl/well of 1 M NaOH, and the absorbance values were measured at the wavelength of 405 nm using a microplate reader (Infinite M200Pro, Tecan). Melanoma cells did not respond to 0.02% DMSO with reduced viability. For each PN concentration, a comparison was made relatively to the value obtained for the control (DMSO-treated cells), and expressed as % of the control.

To evaluate the influence of PN and DTIC on proliferative potential, melanoma cells from dissociated melanospheres were treated with these drugs for three days and then allowed to recover in the absence of drugs for 4 d (DTIC) or 7 d (PN). DTIC was used at increasing concentrations of 0.5 mM, 1 mM and 2 mM, whereas PN concentration was kept at 6 μM in two consecutive treatments. Microphotographs were taken to record the changes in morphology of melanoma cells after dissociation of melanospheres (day 0), the first 2 d of treatment and 3 weeks of three-day treatments interrupted by recovery periods.

Drug-induced changes in viability were also assessed by propidium iodide staining or by using an automated cell viability analyzer according to standard procedures. In both assays, cells were analyzed using a FACSVerse flow cytometer (Becton Dickinson). Briefly, unsorted and sorted ABCB5^+^cells were exposed to drugs for one or two days. Fold difference in viability between sorted and unsorted populations was calculated using the formula: viable cells in unsorted drug-treated population (% of control)/viable cells in sorted ABCB5^+^ drug-treated population (% of control).

Annexin V/PI staining was employed to assess the percentages of apoptotic cells in unsorted and sorted ABCB5^+^ melanoma cultures after one day incubation with PN at indicated concentrations. Briefly, after treatment melanoma cells were washed with cold PBS and incubated for 15 min with 100 µl staining solution containing Annexin V and PI (Roche Diagnostics). Cells were analyzed by flow cytometry using a FACSVerse flow cytometer (Becton Dickinson). The results were processed using FACSuite software (Becton Dickinson).

Soft agar colony formation assay
--------------------------------

Cell suspensions obtained by enzymatic dissociation of melanospheres were first incubated with either 12 μM PN or 2 mM DTIC for 4 h in SCM, followed by 2 h incubation without drugs. Then, viability was determined by Trypan blue staining and 1 or 2 × 10^3^ single, viable melanoma cells were transferred to 350 μl top agar medium mixture (SCM, 0.35% (w/v) agar) and the obtained cell suspensions were overlaid onto 12-well culture plates coated with 350 μl solidified bottom agar mixture (SCM, 0.5% (w/v) agar). Each well was checked under the microscope, and only wells containing a single cell suspension with no cell clusters were retained. The plates were then incubated at 37°C in a humidified incubator for 3 weeks. Cells were stained with 250 μl of 0.005% crystal violet for 1 h, and spheres were counted under the microscope. Colony-forming capacity (CFC) was expressed as the number of spheres at least 50 μm in diameter, generated by the 1 × 10^3^ cells seeded before. Fold change in CFC was calculated by dividing CFC obtained in the presence of a drug by CFC obtained in control conditions.

Flow cytometry analysis of the expression of selected markers
-------------------------------------------------------------

The frequency of cells expressing particular markers was assessed by flow cytometry. Collagenase IV was used to digest melanospheres. The following primary antibodies were used: FITC-conjugated anti-CD90 from BD PharMingen (555595), PE-conjugated anti-CD133 from Miltenyi Biotec (130--080--801), FITC-conjugated anti-CD49f from R&D Systems (MAB1350), and unconjugated anti-ABCB5 from Sigma-Aldrich (SAB1300315) along with FITC-conjugated goat anti-rabbit secondary antibody (BD PharMingen; 554020). Typically, 30 000 cells were analyzed per sample. Appropriate isotype controls were included in each experiment. To exclude dead cells from the analysis, 7-aminoactinomycin D staining (7-AAD; eBiosciences; 00--6993--50) was used. Flow cytometric acquisition was performed using FACSCalibur (BD Biosciences) and analyzed using BD Cell Quest software. To evaluate PN-induced changes in immunophenotype, intact melanospheres or cell suspensions from melanospheres after acute dissociation, or cells from adherent monolayers, were cultured with or without 12 μM PN for one day. Flow cytometric analysis was performed after additional two days of culture in drug-free medium. Relative changes in frequencies (RCFs) were calculated using the formula

RCF = F~PN~/F~C~ / V~PN~/V~C~, where F~PN~ and F~C~ were the frequencies of marker-positive cells in PN-treated and DMSO-treated control populations, respectively, and V~PN~ and V~C~ were the percentages of viable cells (7-AAD-negative) in those populations.

Cell morphology
---------------

Changes in cell morphology were registered with a digital Olympus camera (C-5050) attached to an inverted Olympus phase contrast microscope (CKX41).

Statistical analysis
--------------------

All values are expressed as the mean ± SD from three independent experiments, unless otherwise indicated. Comparisons between values were performed using a two-tailed Student's t-test. For all statistical analyses, the level of significance was set at a probability of p \< 0.05.
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